Chemistry near the Equator-Atlantic (TRACE A) experiment is examined to determine its influence on distributions of tropospheric ozone over the South Atlantic Ocean. A maximum of tropospheric ozone is located in the vicinity of this cyclone on October 3, 1992. Flight level data and meteorological analyses indicate a downward protrusion of dry, ozone-rich stratospheric air near the cyclone, i.e., a tropopause fold. Backward trajectories show that air parcels arriving in the upper troposphere of the cyclone originate in the stratosphere. Forward trajectories are calculated from these locations having stratospheric histories. They indicate that some air is transported as far north as 22øS, subsiding into the middle troposphere along the southern fringes of a region of enhanced tropospheric ozone that is located west of Africa on October 6. Backward trajectories then are computed along the Greenwich meridian over much of the South Atlantic Ocean. This axis passes through the tropospheric ozone maximum west of Africa and the region of strong horizontal ozone gradients along its southern border. Results indicate that most air parcels arriving north of 20øS (in the ozone-rich region) originate over Africa. Conversely, most parcels arriving south of 20øS (where there is less ozone) originate from the west, passing over the southern half of South America. Thus the tropospheric ozone maximum west of Africa on October 6 appears to be attributable to outflow from Africa, with stratospheric transport being much less important. Formerly stratospheric air near the cyclone on October 3 also is transported forward into the middle troposphere near Madagascar where there is a second maximum of tropospheric ozone on October 6. Backward trajectories from this region indicate that middle-latitude systems exert a much greater influence here than over the South Atlantic. This area experiences relatively little outflow from Africa during our period of study. [1991] used data from ozonesondes to conclude that only 25% of the ozone mixing ratio at 300 mbar for Payerne, Switzerland, was due to stratospheric intrusions. The remainder was attributed to in situ photochemical production. Since tropospheric ozone is both transported from the stratosphere and produced photochemically [Levy, 1988] , it is important to understand their relative roles in producing the ozone anomaly over the South Atlantic Ocean.
Introduction
A major objective of the Transport and Atmospheric Chemistry near the Equator-Atlantic (TRACE A) experiment was to investigate a climatological maximum of tropospheric ozone that has been observed at low latitudes over the South Atlantic Ocean [Fishman et al., this issue (b), 1986 [Fishman et al., this issue (b), , 1990 Fishman and Larsen, 1987; Levy, 1988] . The maximum is most pronounced during the months of September-October when it is centered near 10øS, 0øE [Fishman et al., , 1991 Thus we believe that the ozone maxima that we discuss during our 5-day study period collectively contribute to the climatological maximum described by Fishman et al. [1990] .
Large-scale meteorological conditions were described using global gridded analyses prepared by the European Center for Medium-Range Weather Forecasting (ECMWF) [Bengtsson, 1985; Hollingsworth et al., 1986] . These analyses were assimilated from surface observations, radiosonde data, aircraft reports, satellite-derived soundings, and cloud drift winds. The various meteorological parameters are at 12-hour intervals (0000 and 1200 UTC), and their spatial resolution is 2.5 x 2.5 ø latitude/longitude with 15 vertical levels between 1000 and 10 mbar. We used the lowest 12 levels (1000, 850, 700, 500, 400, 300, 250, 200, 150, 100, 70, and 50 mbar).
Potential vorticity (PV) was calculated using the isobaric form of the Ertel equation [Crum and Stevens, 1988] ; that is, mbar. The 12 levels of ECMWF data had been interpolated to these levels using a cubic spline procedure. Forward and backward three-dimensional trajectories were calculated using a kinematic trajectory model in which parcels are advected by the three wind components without employing the isentropic assumption. The vertical motions needed in these computations were supplied with the ECMWF data set. Moxim [1990] has emphasized the importance of threedimensional trajectories in studies of long-range chemical transport. Our kinematic scheme used cubic splines to interpolate the ECMWF data to 5 mbar vertical intervals, with linear interpolation within that interval. Bilinear interpolation was used for horizontal interpolation. The data also were linearly interpolated to 5-min time intervals. With this small time step, parcels were advected using 
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Ozone Analyses
The analysis of tropospheric ozone on October 3 (Figure 3a The tropospheric ozone maximum near the cyclone (M2) appears to weaken and move eastward through October 4 (Figure 3b ), while the anomaly off the west coast of Africa (M1) expands and becomes more intense. This combination produces an elongated zone of relatively large tropospheric ozone along the Greenwich meridian. The anomaly just south of Madagascar (M3) has changed little.
Ozone maximum M2 that is associated with the wave cyclone is not readily apparent on October 5 (Figure 3c) 
Results
Our objective is to investigate relationships between horizontal distributions of tropospheric ozone (Figure 3 ) and the wave cyclone located over the South Atlantic Ocean (Figures 1  and 2) . We first document a tropopause fold near the cyclone using a combination of flight data and ECMWF meteorological analyses. We then estimate heights of the tropopause and calculate backward trajectories to locate parcels having stratosphcric historics. Forward trajectories are used to examine the movements of this present or formerly stratospheric air. Finally, backward trajectories are calculated from regions of enhanced ozone.
Flight Data
Middle-latitude wave cyclones are accompanied by undulations in tropopause height. Stratospheric air above the tropopause is characterized by low humidity, strong static stability, large values of PV, and large ozone concentrations [Danielsen, 1968] . The thin line in Figure 4a 
Tropopause Evaluation
Tropopause heights were needed over the entire TRACE A region. It is informative to examine the several procedures for obtaining these heights since they can lead to different values.
The World Meteorological Organization (WMO) defines the tropopause as the base of the lowest layer in which the temperature lapse rate becomes less than 2øC km-• and does not exceed that value for at least 2 km [e.g., Reiter et al., 1969] . Thermal definitions are difficult to apply near baroclinic disturbances and jet streams because of the numerous stable layers associated with upper level fronts [Danielsen 1959 [Danielsen , 1968 Reiter, 1975 ]. In the current case, a dropsonde sounding in the northern sector of the cyclone at 38øS, 14.5øW (Figure 6 ) exhibits a nearly isothermal layer between 490 and 520 mbar. Although this feature likely represents the lowered tropopause, the lapse rate remains less than 2øC km-• for only 1.6 km. Thus the tropopause would be reported at a much higher altitude (---300 mbar) based on the WMO definition.
The tropopause also can be located using a dynamical approach [e.g., Reed, 1955; Reed and Danielsen, 1959; Shapiro, 1978] . Specifically, it is denoted as a zero-order discontinuity in potential vorticity (PV) separating relatively small values in the troposphere from larger values in the stratosphere. The PVdefined tropopause exhibits greater spatial and temporal continuity than one defined thermally [Danielsen, 1968 (Figure 6 ), the tropopause is indicated at either 300 mbar (WMO definition) or 520 mbar (thermal discontinuity). As noted earlier, these heights, especially the 300-mbar value, may be unreliable since the location is close to the polar jet streak and upper level frontal zone [Danielsen, 1959 [Danielsen, , 1968 Reiter, 1975] . The two dynamical criteria (PVs of 1.0 and 1.5 units, Figure 7 ) yield tropopause heights that differ less than 25 mbar, except near the center of the cyclone (1130 UTC) where they differ approximately 65 mbar. These PV-derived heights show good agreement with those inferred from the two ozone procedures.
We will use the dynamical approach to locate the tropopause because it appears suitable for use with ECMWF data, and there is precedent for its selection [Hoerling et al., 1991 [Hoerling et al., , 1993 . Instead of using a single PV threshold, we will utilize the range 1.0-1.5 units, thereby acknowledging the uncertainties described above.
Conditions on October 3
We now investigate the histories of air parcels arriving near the cyclone and associated tropospheric ozone maximum M2 on October 3 (Figures 2 and 3) , seeking to identify those parcels which have stratospheric histories. Our procedure is patterned after that of Danielsen [1980] who utilized the isentropic coordinate system. We calculated 72-hour backward trajectories beginning at 1200 UTC October 3 and ending at 1200 UTC September 30. Trajectories that encountered PV > 1.5 units during the 72-hour period were considered likely to have had stratospheric histories. Similarly, those trajectories which encountered PV between 1.0 and 1.5 units were possibly of stratospheric origin.
The limitations of this methodology should be noted. Specifically, intense small-scale mixing occurs near jet streams and tropopause folds [Danielsen, 1968 [Danielsen, , 1980 Shapiro, 1978 Shapiro, , 1980 Browell et al., 1987; Danielsen et al., 1987] . Therefore as stratospheric air descends, it acquires a progressively greater tropospheric component, causing values of stratospheric markers such as ozone and PV to decrease. Although the integrity of air parcels is questionable in these situations [Vaughan, 1988] , trajectories nevertheless have provided valuable information about the histories of such parcels [Danielsen, 1980] . Our backward trajectories originated at intervals of 2.5 ø latitude/longitude on and within a box bounded by 30øS to 50øS and 0øE to 30øW (Figure 8a ). This box encompasses the cyclone (Figure 2a ) and tropospheric ozone maximum M2 (Figures 3a, 8a Figure  11b ) follow similar paths. However, some that originate behind the cyclone and cold frontal zone head northeastward and arrive off the west coast of southern Africa. This path is more evident for parcels departing the 300-and 350-mbar levels (Figure 11c and 11d) . Trajectories departing northeast of the cyclone's center travel southeastward toward 45øS, 10øE. Some then turn northeast, arriving east of South Africa near Madagascar. The remaining parcels at 45øS, 10øE continue to fan out toward the northeast. There are fewer formerly stratospheric parcels at 400 and 450 mbar; however, their paths are similar to those leaving 300 and 350 mbar.
LORING ET AL.' MIDDLE-LATITUDE CYCLONE-TROPOSPHERIC OZONE
It is informative to examine these forward trajectories from near M2 in greater detail, relating their motions to locations of tropospheric ozone maxima M1 and M3 that were described earlier (Figure 3) . Figure 12 depicts 72-hour forward trajectories (through 1200 UTC October 6) that depart 350 mbar on October 3 (i.e., those in Figure 11d) . Each of these parcels has a stratospheric history (PV > 1.0 unit) during the preceding 72 hours (Figure 9c ). The analysis of tropospheric ozone for October 6 (from Figure 3d) is superimposed. Figure 13 contains average pressure altitudes as a function of time for two groups of trajectories: those arriving off the west coast of Africa near the southern fringes of M1 (solid line) and those arriving south of Madagascar near M3 (pluses).
The formerly stratospheric parcels arriving at the southern edge of tropospheric ozone maximum M1 on October 6 (Figures 12, 13) arriving in this area originate over Africa (Figure 14b) The backward trajectories from M3 are very revealing (Figure 15) . One should note that very few pass over Africa at these three levels (or the other levels not shown). Figure 1) . None of these arrivals at 800 mbar has a stratospheric history (Figure 15d ). The second major group of arrivals at 800 mbar follows a more southerly track that extends beyond 60øS. Many of these parcels previously have been within the stratosphere (Figure 15d ), mostly near their southernmost locations. The tropopause is relatively low at these higher latitudes (not shown), and it is a region of numerous surface cyclones and upper level cyclonic flow during the period of interest (Figures 1, 2) . Most trajectories arriving near M3 at 600 mbar (Figure 15b ) have followed the same two basic paths as those arriving at 800 mbar. Now, however, many trajectories along both general paths have stratospheric histories (Figure 15e) To summarize, both forward ( Figure 12 ) and backward (Figure 15) trajectories to/from tropospheric ozone maximum M3 on October 6 indicate that previously stratospheric air arrives in its vicinity. Some of this stratospheric air can be attributed to middle-latitude cyclones, while another portion is associated with anticyclonic flow. Although photochemical ozone production certainly cannot be discounted during this period of study, it is important to note that relatively few parcels pass over south central Africa or central South America.
Summary and Conclusions
A middle-latitude cyclone occurring during the Transport and Atmospheric Chemistry near the Equator-Atlantic (TRACE A) experiment has been examined to determine its influence on distributions of tropospheric ozone over the South Atlantic Ocean during October 3-6, 1992. NASA's DC-8 "flying laboratory" passed through the northern portion of the cyclone on October 3. A maximum of tropospheric ozone (denoted M2) was located in its vicinity. Flight level data as well as ECMWF analyses indicated a downward protrusion of stratospheric air near the cyclone, i.e., a tropopause fold. The fold area was characterized by dry air and enhanced values of tropospheric ozone and potential vorticity. Backward trajectories from this region indicated that the air had been transported downward from the stratosphere by circulations asso- ciated with the transient cyclone. None of these parcels originated over Africa, although some had passed over southern portions of South America. Three-day forward trajectories were calculated from this cyclone/region of enhanced tropospheric ozone (M2) on October 3. Some trajectories turned anticyclonically toward the tropics. They subsided into the middle troposphere and reached as far north as 22øS, along the southern boundary of a large region of enhanced tropospheric ozone denoted Mi. The location of this ozone maximum on October 6 corresponds to that of a climatological maximum that has been described previously [Fishman et al., 
